The 2002 Indian summer monsoon season is unique because of its exceptional weakness, its association with a relatively weak El Niño, and its precedence by over a decade in which ENSO events fail to be associated with significant monsoon anomalies. In this study, atmospheric hydrology during the 2002 summer monsoon and its relationship to monsoon seasons accompanying El Niño events since 1948 are assessed using reanalysis and satellite fields.
Introduction
The Indian monsoon is a key component of the climate system, both in regards to its strong interaction with other modes of variability (e.g., Walker 1923; Webster et al. 1998; Liu and Yanai 2001) and its enormous socioeconomic impacts (e.g., Parthasarathy et al. 1988b Parthasarathy et al. , 1992 Gadgil et al. 1999) . Here, a diagnostic study is conducted that examines the intriguing 2002 summer monsoon season; one in which substantial rainfall anomalies that include the driest July on record are observed to accompany a moderate El Niño-Southern Oscillation (ENSO) warm event. The 2002 season follows an extended period of weak monsoon-ENSO coupling in which even extremely intense ENSO events, such as the 1997/98 El Niño, fail to accompany significant monsoon anomalies (e.g., Kumar et al. 1999a; Kinter et al. 2002) .
Monsoon interannual variations are influenced by a wide variety of processes. For example, the modulation of the meridional temperature gradient in the IndoEurasian region by both land and oceanic processes is believed to be key (e.g., Kumar et al. 1999b; Hahn and Shukla 1976; Loschnigg et al. 2003) . The remote forcing associated with ENSO (e.g., Rasmusson and Carpenter 1983; Barnett 1984b ) is also known to exhibit a strong association with monsoon rainfall and the Pacific trade winds are believed to act as a modulator of the monsoon hydrologic budget (e.g., Barnett 1984a) . However, while ENSO is known to exhibit a strong association with monsoon rainfall in some years, over the past decade the relationship has languished, a shift that has been interpreted by some as a manifestation of global climate change (e.g., Kumar et al. 1999a; Ashrit et al. 2001) . Moreover, the link between atmospheric hydrol-ogy in the Pacific Ocean and the monsoonal moisture budget is more complex than originally portrayed in early studies of monsoon-ENSO coupling (e.g., Fasullo and Webster 2002) .
The monsoon active-break cycle, which comprises 30-40-day transitions between equatorial and continental deep convection (e.g., Yasunari 1980 ) experiences a strong association with monsoon interannual variability (e.g., Ferranti et al. 1997) , and prolonged break periods are endemic to drought years (e.g., Krishnan et al. 2000) . Seasonal regularity in the active-break cycle includes the occurrence of break periods in mid-July and early September (Wang and Xu 1997) . It is known that the active-break cycle of the Indian monsoon is associated with large-scale zonal and meridional structure in dynamic fields (e.g., Chen et al. 1988 ). However, the mechanisms responsible for break periods remain largely speculative and have been attributed to both coupled air-sea dynamic and thermodynamic processes (e.g., Rodwell and Hoskins 1995; Krishnan et al. 2000; Vecchi and Harrison 2002; Wang et al. 2003) . Recently Vecchi and Harrison (2002) identify an association between cool sea surface temperature (SST) anomalies in the Bay of Bengal and extended monsoon break periods. Other hypotheses describing the duration of break periods include the cyclic discharge and recharge of convective instability (Hu and Randall 1995) and its interaction with dynamic, surface, and moisture fields (e.g., Cadet 1983; Rodwell 1997; Krishnan et al. 2000; Annamalai and Slingo 2001) . However, the relevance of both the Bay of Bengal SST and "dischargerecharge" influence on the Indian monsoon during the 2002 season has yet to be assessed and comprehensive diagnostic assessments of break periods and their rectified influence on the monsoon system remain few.
Establishing the meridional and zonal heating gradients that drive the large-scale atmospheric and oceanic monsoon circulations, hydrologic processes exist as a key component of the monsoon's intraseasonal, seasonal, and interannual variability (e.g., Cadet 1986; Ferranti et al. 1999; Webster 1994; Fasullo and Webster 2002) . Seasonal hydrologic variations include the sustained enhancement of rainfall, humidity, winds, and surface evaporation in India during boreal summer. Neighboring subsident environments such as the Arabian Sea and South Indian Ocean experience enhanced surface evaporation and divergent winds during summer. In tandem, the variations compose the globe's most intense seasonal interhemispheric mass and moisture exchange and link the Southeast Asian, Arabian Sea, and southern Indian Ocean regions (e.g. , Findlater 1969; Hastenrath 1978; Hastenrath and Lamb 1980) . While studies investigating interhemispheric hydrologic interactions in the Indo-Pacific region have yet to demonstrate a strong relationship (Parthasarathy et al. 1988a; Fasullo and Webster 2002) , the quality of reanalysis data in the region has yet to be widely established. Moreover, given the challenges posed by the monitoring of the hydrologic cycle, the steadiness of the monsoon over the past decade, and the lack of satellite fields in the Indo-Asian region until recent years, interannual hydrologic variations in the Indian Ocean remain poorly diagnosed.
Notwithstanding the assessments of recent shifts in the monsoon-ENSO coupling, the mechanisms that both communicate the interaction and induce its lowfrequency variability remain largely speculative. The 2002 season therefore represents an unprecedented opportunity to assess variability in the monsoon hydrologic cycle during a well-observed season of deficient rainfall that coincides with El Niño. With the availability of data from the National Aeronautics and Space Adminstration (NASA) Tropical Rainfall Measuring Mission (TRMM; Simpson et al. 1996) , its associated TRMM Microwave Imager (TMI) estimates of SST, and QuikSCAT (Dunbar et al. 2000) winds, the 2002 season also coincides with a period of exceptionally dense satellite monitoring. The season therefore presents the additional opportunity to compare satellite and reanalysis fields. In an effort to both assess the mechanisms that underlie the monsoon drought, and to discern anomalies in the large-scale hydrologic cycle that may link the monsoon and ENSO, satellite retrievals of rainfall, SST, and near-surface wind are used here, in conjunction with fields from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis, to diagnose the 2002 summer monsoon. While it is possible that coupling mechanisms independent of atmospheric hydrology may play an important role in linking the ENSO and monsoon systems, the current analysis serves as an important first step in assessing the anomalies in the 2002 season and comparing them with other years of strong monsoon-ENSO interaction over the past 50 yr.
Because of their key influence on interannual variability, the monsoon's active-break cycle and interactions with ENSO are the foci of the investigation and the following questions are posed:
• Are reanalysis fields suitable for assessing hydrologic variations in the Indo-Pacific region? Do reanalysis and satellite estimates of the near-surface wind field, which transports a disproportionately large portion of total atmospheric moisture, agree favorably? • Does the 2002 summer season experience discrete and prolonged break periods or is rainfall weak con- To address these questions, a diagnostic study is proposed that assesses the 2002 summer monsoon, its active-break and hydrologic cycles, and its relationship to monsoons accompanying El Niño events since 1950. Section 2 discusses characteristics of the data and derived fields while section 3 examines the seasonal mean hydrologic cycle. Section 4 investigates the temporal characteristics of Indian rainfall during the 2002 season and compares it to both climatology and other weak monsoon seasons. Section 5 examines the evolution of large-scale hydrologic fields. To investigate further the spatial and temporal structure of the 2002 season, Hovmoeller depictions of hydrologic anomalies during the 2002 season are constructed and examined in section 6, and anomalies in the Hadley and Walker circulations are presented in section 7. Large-scale hydrologic anomalies during 2002 are then compared with the normal and anomalously weak seasons that have accompanied El Niño since 1950 in section 8 and conclusions are summarized in section 9.
Data and method
As the current analysis seeks to quantify large-scale variability in hydrologic fields at daily resolution, satellite retrievals of rainfall, sea surface temperature, and wind are used. However, the satellite estimates are available only for recent years and are not adequate to compare the 2002 season to numerous El Niño events over an extended record. The NCEP-NCAR reanalysis are therefore also used. In addition to providing a daily depiction of the 2002 season, the reanalysis fields allow for a retrospective assessment of El Niño events over half a century. SST estimates from an optimally interpolated blend of observed and satellite fields extending from 1950 are also used. Characteristics of the satellite and reanalysis datasets are discussed below. As shortcomings in the reanalysis fields, such as the relative scarcity of assimilated data over the Indian Ocean and the influence of model physics on hydrologic fields, are known to exist, a comparison of the reanalysis nearsurface wind field to satellite retrievals is also presented.
a. Satellite fields
To establish rainfall and near-surface temperature and wind fields for the 2002 season, satellite retrievals from TRMM (Simpson et al. 1988; Kummerow et al. 2000) , the TMI (Wentz et al. 2000) , the Geostationary Operational Environmental Satellite (GOES) precipitation index (GPI; Wu 1991; Joyce and Arkin 1997), and QuikSCAT products (Naderi et al. 1991; Dunbar et al. 2000) are used. The TRMM is a joint U.S.-Japan satellite mission to monitor tropical and subtropical precipitation using an active satellite-borne radar that is validated with multiple ground-based radars and in situ observation sites over land. TRMM offers the advantage of providing directly measured rainfall fields over the Tropics and subtropics that are sampled several times a day in most regions. The level-3 TRMM product uses the 3B42 algorithm in assessing the daily averaged rainfall field on a 1°grid spanning all longitudes from 40°S to 40°N from 1 January 1998 to 30 September 2003. For TRMM and other satellite and reanalysis fields in this study, India-mean values are derived from area-weighted averages of fields over land regions north of 8°-30°N, 70°-90°E. A summary of descriptions and evaluations of TRMM retrievals during its first 2 yr in orbit is given by Kummerow et al. 2000 .
As an indirect measure of rainfall, the GPI infers tropical rainfall rates from the top-of-the-atmosphere longwave flux based on the inverse relationship that exists between radiance and rainfall. Though the retrieval method is indirect, and thus depends on associations that may or may not be valid at any given instant, the index is derived from infrared radiances that have been observed for several decades and are sampled frequently throughout the diurnal cycle. Thus, in order to both provide a more complete historical climatology, and to avoid the sampling limitations of the TRMM data, the GPI estimates are also used. The GPI product reports monthly mean rainfall on a 1°grid spanning 40°S-40°N from 1986 to the present.
Providing in situ monthly mean rainfall over India, rain gauge observations of the All-India Rainfall (AIR) dataset are also used (Parthasarathy et al. 1994) . AIR provides the most temporally extensive and directly measured estimates of monsoon rainfall available. In subsequent discussion of strong and weak monsoon seasons, June-July-August-September (JJAS) AIR anomalies exceeding 10% are considered.
Winds across the otherwise poorly observed Pacific and Indian Oceans are estimated from the SeaWinds instrument on the QuikSCAT satellite, which uses a specialized microwave radar and observed backscatter to infer near-surface wind speed and direction under both clear-sky and cloudy conditions. While precipitation can influence the QuikSCAT fields, the retrievals are examined for rainfall contamination. Contaminated retrievals are excluded from consideration in the current analysis. The QuikSCAT data cover from 19 July 1999 to the present (Naderi et al. 1991; Dunbar et al. 2000) at 25-km resolution, and while the sampling characteristics of the QuikSCAT instrument are complex (e.g., Schlax et al. 2001) , it is best characterized as daily in most regions. The level-3 data [the Jet Propulsion Laboratory (JPL) Physical Oceanography Distributed Active Archive Center (PO.DAAC) product 109], which comprise daily gridded averages, are used here. The data provide an important estimate of the nearsurface wind field across the otherwise poorly observed Pacific and Indian Oceans. The data are regridded to a 2.5°grid for both graphical display and dataset comparisons in this study.
Microwave retrievals of SST are taken from the TMI (Wentz et al. 2000) for both cloudy and clear-sky conditions, providing a key source of surface information in the cloud-filled monsoon regions. The version 3a retrievals used here are reported at 25-km spatial resolution with the same complex sampling intervals as the TRMM dataset. The data used here have been regridded to daily, 1°resolution from 1998 to 2003 by averaging available data. As TMI SST estimates are only available for recent years, the monthly Reconstructed Reynolds (Smith et al. 1996) and weekly Reynolds SST products (Reynolds and Smith 1994 ) are used to provide an historical perspective for the TMI data and to identify ENSO conditions. The data result from an optimal interpolation of in situ and satellite retrievals and are reported on a 2°grid from 1950 to 2002, and on a 1°g rid from late 1981 to 2002. El Niño conditions are evaluated from Reynolds JJAS SST anomalies in the Niño-3 region (5°N-5°S, 150°-90°W) exceeding 0.7°C as discussed in Fasullo and Webster (2002) . Years classified as El Niño thus include 1963, 1965, 1969, 1972, 1976, 1982, 1983, 1987, 1991, 1997, and 2002 . Of the El Niño years identified, those for which JJAS AIR anomalies below Ϫ10% are observed, termed warmweak years, include 1965 , 1972 , 1982 , 1987 Niño years for which AIR anomalies are less than 10% in magnitude are termed warm-normal years and include 1963, 1969, 1976, 1983, 1991, and 1997 .
b. NCEP-NCAR reanalysis and derived fields
Providing the most temporally extensive estimates of atmospheric hydrologic fields, the NCEP-NCAR reanalysis (Kalnay et al. 1996; Kistler et al. 2001 ) is used. Spanning 1948 Spanning -2003 , the reanalyses incorporate global rawinsonde, the Comprehensive Ocean-Atmosphere Data Set (COADS) surface marine data, and surface land synoptic data throughout the present study's analysis period. Despite a lack of rawinsonde data over the ocean, many observations of hydrologic fields are nevertheless assimilated. Satellite sounder data, available from the Television Infrared Observational Satellite (TIROS) Operational Vertical Sounder (TOVS) and the Space Infrared Sounder (SIRS) in recent decades (1979-present) , provides humidity and temperature estimates over both ocean and land regions and cloud-tracked winds; oceanic reports of surface pressure, temperature, horizontal wind, and specific humidity are included in the assimilation process.
As the reanalysis model also exerts an influence on hydrologic fields, outputs are categorized by type. For type-A fields, such as the rotational wind and upper-air temperatures, the output is strongly influenced by assimilated data. However, for type-B fields the influence of both observations and the model can be important. VIMT is calculated from specific humidity (type B), divergent wind (type B), and rotational wind (type A) fields at each pressure level and a 6-h forecast interval. While the fields are importantly influenced by both satellite and in situ data, the reanalysis model may also influence the humidity fields. In the monsoon domain, however, errors induced by the model are generally small as Fasullo and Webster (2002) show that reanalysis estimates of humidity and its variations during ENSO agree closely with satellite retrievals from the NASA Water Vapor Project (NVAP; Randel et al. 1996) over India and the northern Indian Ocean. Fields that are purely model derived and subject to the constraints imposed by assimilated observations, such as rainfall and evaporation, are categorized as type C. The modest and strong model influence on type-B and -C fields, respectively, and comparisons that show large differences between the reanalysis fields and satellite estimates in some regions (e.g., Trenberth and Guillemot 1998; Annamalai et al. 1999 ) underscore the need to confirm results with satellite retrievals whenever possible. Moreover, as the frequent assimilation of data can introduce spurious sources and sinks of moisture, the reanalysis hydrologic budget is not closed (e.g., Trenberth and Guillemot 1998; Trenberth et al. 2001) .
Complementary fields are also derived from the reanalysis in order to better interpret thermal, dynamic, and hydrologic interactions. VIMT is calculated by vertically integrating wind and humidity fields across the eight tropospheric levels of the NCEP-NCAR reanalysis that lie at or below 300 mb. While humidity fields above 300 mb are not provided by the reanalysis, their contribution to VIMT is not large because of the exponential decrease of humidity with height. Moreover, it is found that the bulk of moisture transport occurs in the lowest-tropospheric levels with more than 80% and 90% of VIMT occurring on average at or below 750 and 650 mb, respectively. Moreover, interannual variations in monthly near-surface wind speed over the Arabian Sea correlate well with VIMT variability at approximately 0.7. Thus, the fact that fluctuations in the nearsurface wind field are strongly indicative of VIMT variability allows for the use of satellite estimates such as QuikSCAT to serve as an initial satellite-derived surrogate with which to infer VIMT variability.
Fields of convective available potential energy (CAPE) are also calculated from the reanalysis based on tropospheric temperature and 1000-mb humidity fields. Calculation of CAPE assumes convective motions that originate at 1000 hPa, achieve buoyancy at the level of free convection, and ascend to the altitude at which they are neutrally buoyant. Because the lapse rate of the tropical atmosphere often approximates that of a saturated moist adiabat, a highly nonlinear relationship exists between low-level moist static energy and the energy released by buoyant ascending parcels. CAPE is used both to assess the impact of low-level temperature and moisture variations on stability in general, and to evaluate the role of the discharge-recharge mechanism during the 2002 summer season.
c. QuikSCAT and NCEP-NCAR reanalysis comparison
As already discussed, interannual variations in the low-level wind field are reflected strongly in the VIMT fields. To estimate potential errors in the NCEP-NCAR near-surface wind fields, and as a first step toward evaluating the accuracy of derived VIMT fields, a comparison of the near-surface reanalysis wind field with QuikSCAT retrievals over the Indian and Pacific Oceans is conducted. Figure 1 shows the correlation in monthly mean 10-m zonal wind speed between the NCEP-NCAR reanalysis and QuikSCAT retrievals from August 1999 to March 2003. Correlations for monthly interannual anomalies, derived from subtracting climatological monthly means from the data with no temporal smoothing, are also shown (Fig. 1b) . In the northern Indian Ocean, correlations are strong (Ͼ0.8), in part due to the strong seasonal cycle associated with the monsoon, its reasonable portrayal in both data sources, and its dominant contribution to total variance. South of 10°S however, the correlation is modest generally (Ͻ0.5) and in key regions of moisture divergence, such as the south-central Indian Ocean, the correlation drops below 0.4. In the western Indian Ocean, where meridional winds are known to vary strongly during the annual cycle (e.g., Findlater 1969), the correlation between the meridional component of the reanalysis and satellite wind fields is again strong (Ͼ0.9, not shown). South of 10°S, however, the correlation of meridional winds is only modest (Ͻ0.5, not shown). Agreement between interannual anomalies in the zonal wind field in the northern and equatorial Indian Ocean (Fig. 1b) is also modest (Ͻ0.5), and in the western equatorial Indian Ocean, where the meridional component of VIMT associated with the Findlater jet is strong, the correlation is negative. While deficiencies in the QuikSCAT product, such as its limited duration and diurnal sampling, prevent conclusive statements from being made regarding the accuracy of the reanalysis fields, the southern Indian Ocean is highlighted as a region where uncertainties in reanalysis fields may be particularly large. Reanalysis estimates of both the zonal and meridional components of the wind field in the region exhibit weak correlation to satellite fields on both the annual and interannual time scales. Conclusions regarding the coherency of interhemispheric hydrologic anomalies based on reanalysis estimates therefore need to be viewed with caution.
The seasonal mean hydrologic cycle
For interpretation of hydrologic anomalies in the 2002 season, the mean seasonal hydrologic cycle is first discussed. Figure 2 shows climatological NCEP-NCAR JJAS fields of VIMT, in units of kilograms per meters per second, and precipitation-evaporation (P Ϫ E ), expressed in units of latent heating. The cycle is characterized by strong easterly VIMT in the Southern Hemisphere that emanates from regions in which P Ϫ E is strongly negative, at approximately Ϫ100 to Ϫ150 W m 
Temporal characteristics of the 2002 season
The large role played by monsoon break periods in rainfall anomalies during deficient seasons (e.g., Rodwell and Hoskins 1995; Krishnan et al. 2000) motivates the temporal evaluation of the 2002 season. Table 1 . Together, the time series and values in Table 1 show that the 2002 season is distinguished by strongly negative rainfall anomalies during July and September with June and August rainfall existing near or above their climatological values. Strong disagreement between NCEP and satellite-based values in June are reflective of the large errors that can exist in reanalysis rainfall estimates in some months (e.g., Trenberth and Guillemot 1998) . Notably, the reanalysis rainfall field also fails to resolve the climatological intraseasonal oscillation (Wang and Xu 1997) with few marked transitions in the seasonal cycle of rainfall. Irrespective of errors in the reanalysis fields, however, all estimates suggest that the monthly deficits distinguishing the 2002 season occur during July and September and thus coincide with the first and second major monsoonal breaks resolved in Fig. 1 . Therefore, as weakness in the 2002 monsoon relates primarily to the intensity and duration of the season's major break episodes, a focus is subsequently given to diagnosing hydrologic variability associated with the July and September break conditions. Figure 4 shows P Ϫ E the July and September break periods using QuikSCAT wind fields and P Ϫ E estimates from TRMM rainfall and the NCEP-NCAR reanalysis evaporation fields, respectively. As there is little closure in the hydrologic budget of the reanalysis during its 6-h forecast interval, and large biases in the reanalysis rainfall field in the Indian Ocean are known to exist (e.g., Trenberth and Guillemot 1998) , the use of TRMM data in P Ϫ E calculation offers a significant advantage over reanalysis fields alone. During July, negative P Ϫ E anomalies from 50 to 100 W m Ϫ2 span India and Indonesia and positive P Ϫ E anomalies exist in the south-central Indian Ocean. Zonal wind anomalies in the Arabian Sea and Bay of Bengal are primarily easterly and westerly, respectively, while the southeast- ern and southwestern Indian Ocean exhibit predominantly southerly and northerly wind anomalies, respectively. West of Sumatra, strong westerly anomalies are also evident and in the northwest equatorial Pacific Ocean, westerly anomalies reflect the canonical El Niño pattern (e.g., Rasmusson and Carpenter 1982) . In September 2002, P Ϫ E anomalies exhibit modest similarity to the July fields with P Ϫ E values below Ϫ50 W m Ϫ2 over much of India and Indonesia. Unlike July anomalies however, large negative P Ϫ E anomalies also exist over the central Indian Ocean. Surface wind anomalies in September are less extensive than in July and include easterly anomalies in the southern Arabian Sea, westerly anomalies in the Bay of Bengal, and strong southeasterly anomalies off the coast of Sumatra in the eastern equatorial Indian Ocean. Wind anomalies in the eastern Indian Ocean thus contrast strongly with those observed during July despite accompanying similar local P Ϫ E values, a difference that highlights the complex nature of the relationship that exists between VIMT and P Ϫ E. As in July, in the north and equatorial eastern Indian and western Pacific Oceans, westerly surface wind anomalies correspond closely to the canonical El Niño pattern (e.g., Rasmusson and Carpenter 1982).
Large-scale anomalies during the 2002 break periods

Spatiotemporal characteristics
As the role of air-sea interactions in monsoon intraseasonal variability remains a subject of great interest and speculation (e.g., Vecchi and Harrison 2002; Wang et al. 2003) , Fig. 5 shows the spatial and temporal structure of rainfall and SST anomalies in the 2002 summer season from the TRMM rainfall and TMI SST fields. Notably, the salient features of the SST fields in Fig. 5 were also apparent in the Reynolds SST dataset, though here only the TMI fields are shown. Fundamental characteristics of the monsoon active-break cycle are evident in Fig. 5 , including the northward propagation of enhanced and suppressed convection from the equator to the continent and the associated southwardpropagating feature in the Southern Hemisphere (e.g., Murakami et al. 1984; Webster et al. 1998 ). For subsequent reference, lines denoting the centers of the season's major break episodes, as defined by minima in 
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3. Time series of Indian rainfall for the 2002 summer monsoon based on NCEP-NCAR (solid, dark) and TRMM (dashed, dark) estimates. In addition, the climatological annual cycle of rainfall (solid, gray), and a composite of weak monsoon seasons (PЈ Ͻ Ϫ10%), including 1951, 1965, 1972, 1982, 1979, and 1987 seasons (gray, dotted) , are shown based on NCEP-NCAR reanalysis rainfall. (Fig. 5a ). Figure 6 shows the evolution of CAPE (shaded contours) and precipitable water ( the processes that supply moisture to, and generate convective instability in, the monsoon domain. While the CAPE field does not suggest its response to rainfall, as negative anomalies in precipitation should by themselves contribute to a CAPE increase, it also does not suggest an active role for the instigation of break episodes, as CAPE anomalies are positive generally prior to the season's major break episodes. The advection of moisture, and its accumulation as reflected in the PW field is however clearly affected by the break periods. During both the July and early September break episodes, PW anomalies between Ϫ5 and Ϫ10 mm emerge in northern India. Only following the final break period, after the end of the 2002 summer season, do PW values rebound to near-normal values. As in general, negative CAPE and PW anomalies lag rather than lead the onset of break periods, and as negative CAPE and PW anomalies intensify while rainfall deficits exist, the discharge-recharge mechanism appears to be unimportant in determining the timing and duration of the major break periods of the 2002 summer season.
Hadley and Walker circulations
As the teleconnection between ENSO and the Indian monsoon is attributed frequently to the interactions of the Hadley and Walker circulations with deep convection associated with Pacific Ocean SST anomalies (e.g., Barnett 1983; Krishnamurthy and Goswami 2000) , the circulations during the 2002 season are therefore assessed. Figure 7 shows the climatological zonal circulation and humidity fields with height. For clarity, zonal winds at and above 300 mb have by scaled by 25% and the approximate location of land areas is shown by gray shading. Anomalies during July and September 2002 in the African, Indian, and Southeast Asian regions are also shown in Fig. 7 with humidity anomalies given in units of percentage deviation from the July and September mean distributions, respectively. The mean circulation is characterized by low-level westerly and upper-level easterly winds across much of the domain (Figs. 7a,b) with strong vertical ascent in the mid-and lower troposphere in Africa and throughout the tropo- Coinciding with rising motion, relative maxima in humidity are apparent in the lower troposphere in central Africa and throughout the troposphere east of 70°E during both July and September. Anomalies in the Walker circulation during 2002 are characterized by several marked deviations from climatology. During July, weakness in the rising motion over India is pronounced with anomalous subsidence spanning the eastern Arabian Sea, India, and the western Bay of Bengal through the full depth of the troposphere. Westerly anomalies exist aloft, corresponding to a weakness in upper-level easterlies, and span the entire Indian Ocean, anomalies that are associated often with El Niño events since 1948 (not shown). Negative anomalies in midtropospheric humidity exist from 20°to 120°E and are particularly strong (Ͼ40%) west of 100°E. Positive lower-tropospheric temperature anomalies (not shown) exist in Africa (0.2°C), India (0.1°C), and at 500 mb in the Arabian Sea (0.1°C) while negative anomalies exist at 900 mb in the Arabian Sea (Ϫ0.1°C). During September, subsident anomalies exist at all levels in the eastern Arabian Sea and India, and in the upper troposphere in the Bay of Bengal. Midtropospheric humidity anomalies are particularly strong and negative (Ͼ80%) over the Arabian Sea and India and coincide closely with anomalies in subsidence. Tropospheric temperature anomalies in September are similar to those in July.
The meridional structure of circulation and humidity, and its 2002 anomalies are shown in Fig. 8 . The mean fields are characterized by strong gradients in humidity and winds during both July (Fig. 8a) and September (Fig. 8b) . To the south of 20°S, the troposphere is relatively dry and strong southerly winds exist above 700 mb. Substantial meridional convergence exists near 20°S and coincides approximately with the maximum of moisture divergence in the JJAS mean (Fig. 1) . North of the divergent focus at 20°S, humidity increases substantially from its values in the Southern Hemisphere FIG. 8 . Same as in Fig. 7 , but for the Hadley circulations. Climatological meridional wind has been scaled by 50% at above 300 mb for clarity.
subtropics, and tropospheric ascent and high humidity exist through the depth of the troposphere in India.
Upper-level winds north of 20°S are northerly in general and the meridional temperature gradient from 20°S to 20°N at most levels is small (Ͻ5°C, not shown). Anomalies during July of 2002 (Fig. 8c ) are characterized by a strong and positive tropospheric humidity anomaly between 50°and 20°S that coincides approximately with positive ascent and temperature anomalies from 0.1°to 0.3°C (not shown) near 35°S. At 20°S, humidity anomalies are negative above 900 mb and coincide with anomalous subsidence and positive SST anomalies (Fig. 5) . Upper-level southerly circulation anomalies exist during July and correspond to weakness in the climatological-mean northerly flow. While resolving many of the Northern Hemisphere characteristics in Fig. 8 , the case study of Chen et al. (1988) does not identify similar Southern Hemisphere structure during its case study of the 1979 monsoon season. Over India, anomalies in upper-tropospheric convergence and midtropospheric subsidence are apparent and coincide with dry anomalies that exist through the full depth of the troposphere. During September 2002 (Fig.  8d) , anomalies in the meridional circulation, humidity, and temperature fields strongly resemble those during July. Among the differences are the northerly circulation anomalies that exist in the southern subtropical Indian Ocean upper troposphere and the more limited spatial extent of positive tropospheric humidity anomalies south of 20°S.
Correspondence to El Niño events of previous decades
To compare and contrast hydrologic anomalies in the Indo-Asian region during the 2002 summer season with those accompanying El Niño over the past 50 yr, composites of warm-normal and warm-weak subsets are first examined. As satellite rainfall estimates are not available for many of the El Niño events since 1948, identified in section 2, reanalysis rainfall estimates are used and, as already discussed, conclusions based on the reanalysis fields must be viewed with caution. Figure 9 shows composite JJAS VIMT and P Ϫ E anomaly fields for the 6 yr in which normal (Fig. 9a) , and 4 yr in which weak (Fig. 9b ) monsoon seasons accompany El Niño conditions between 1948 and 2001. As strong monsoon seasons fail to accompany El Niño conditions at any time in the observational record, the composites in Fig. 9 include all El Niño events during the period. Anomalies in the fields that differ from the distribution of anomalies during El Niño events, hereafter simply the "El Niño distribution," by more than one standard deviation divided by the square root of the number of events in each grouping, are indicated by darkened vectors and shaded contours, respectively. As Figs. 9a,b are based on the composite of six and four seasons, respectively, the darkened vectors and shaded contours also represent statistical significance at or exceeding the 95% confidence limit. Normal monsoon seasons during El Niño events (Fig. 9a) are characterized by VIMT and P Ϫ E anomalies that do not differ substantially from the El Niño distribution in most regions. While southeasterly VIMT anomalies in the eastern Indian Ocean near Sumatra and northerly VIMT anomalies near 10°S in the central Indian Ocean distinguish warmnormal years from El Niño years overall, the composite anomaly is dominated by anomalous Indian Ocean conditions during only a few years (e.g., Webster et al. 1999) . Moreover, while westerly wind anomalies in the western Pacific Ocean are strong in the warm-normal composite, the anomalies are largely indistinguishable from the El Niño distribution at the 95% confidence level.
During weak monsoon seasons associated with El Niño (Fig. 9b) , however, a number of significant anomalies are found. VIMT anomalies in the Arabian Sea and western Indian Ocean are identified that reflect a weakened monsoon circulation and reduced moisture transport from the southern Indian Ocean to the monsoon domain. While, as already discussed (Fig.  1) , VIMT variability from the reanalysis in the southwestern Indian Ocean needs to be viewed cautiously, the composite distribution suggests variability in the hydrologic cycle that is both coherent over a large scale and spans the Northern and Southern Hemispheres. Moreover, the composite suggests that variability in VIMT associated with the monsoon gyre, rather than that associated with the Pacific trade winds (e.g., Barnett 1984a) , plays a dominant role in the overall Indian moisture budget. Statistically significant VIMT anomalies in the western Pacific Ocean are also identified that suggest an intensification of trade wind anomalies during warm-weak years, and a potentially important role in the moisture budget of the seasonal convective maxima near Indonesia. The impact of hydrologic variability in Indonesia associated with the trade winds on the Indian monsoon, though not widely studied, is thus identified as a key component of intermittency in the monsoon-ENSO relationship.
In addition to the VIMT fields, negative P Ϫ E anomalies over India are identified during warm-weak years that are distinguishable from the El Niño distribution. The existence of negative P Ϫ E anomalies over India supports two important points. First, the negative P Ϫ E values during warm-weak years in Fig. 9b reveal that drought in India is associated with reduction in large-scale moisture transport and convergence rather than a simple reduction in evaporation in either the local land surface or oceanic regions. Moreover, the negative P Ϫ E anomaly resolved over India during warm-weak years supports the appropriateness of reanalysis rainfall fields in analyzing hydrologic variations as weak monsoon years are classified by observed AIR estimates that are not assimilated in the reanalysis. The P Ϫ E anomalies in Fig. 9 thus provide an important corroboration of the reanalysis rainfall fields.
The composite anomalies in Fig. 9 facilitate the evaluation and interpretation of individual monsoon seasons. Figure 10 shows VIMT and P Ϫ E anomalies in the Indo-Asian region for eight El Niño events from 1963 to 2002, including the four seasons in which the weakest (Figs. 10a,c,e,g ) and strongest total monsoon rainfall (Figs. 10b,d ,f,h) occur. The P Ϫ E and VIMT anomalies exceeding the mean of the El Niño distribution at the 99% confidence level are bold and shaded, respectively. The large variability among events, even within the categorizations of monsoon intensity, highlights the large differences that exist among individual El Niño episodes (e.g., Trenberth 1997) and the challenges faced in establishing the canonical ENSO interaction from the available observational record. None- theless, generalizations can be made that account for a majority of ENSO years. For all of the weak-warm years, significant easterly VIMT anomalies exist in the Arabian Sea; although during 1965 event, the span of the anomalies is limited. In addition, significant negative P Ϫ E values in India are resolved for three of the four seasons with negative anomalies in 1987 failing to reach significance. The role of advective processes over a large scale, rather than regional land and oceanic processes, in establishing the summertime drought is thus emphasized. Moreover, for three of four warm-weak years (1965 excepted), westerly VIMT anomalies in the western Pacific Ocean are distinguishably stronger than the El Niño distribution. As the causal relationship between the monsoon and trade winds cannot be resolved through diagnosis, however, the causal links between western Pacific easterly anomalies, ENSO, and the monsoon remain unresolved.
Many of the associations of warm-weak years are absent from warm-normal years. For example, easterly Arabian Sea and westerly western Pacific Ocean VIMT anomalies fail to achieve significance for all warmnormal years. Instead for two of the warm-normal years (e.g., 1997 and 1963), significant VIMT anomalies are evident in the southern Bay of Bengal that are associated with equatorial SST anomalies that predate the monsoon (e.g., Saji et al. 1999; Webster et al. 1999) . In other warm-normal years (i.e., 1976 and 1979) , VIMT and P Ϫ E anomalies that deviate significantly from the El Niño distribution are few.
The 2002 summer monsoon season (Fig. 10a) shares many of the identifying characteristics of the anomaly distribution for warm-weak years in general including the existence of easterly VIMT anomalies in the Arabian Sea and westerly VIMT anomalies in the western Pacific Ocean that are distinguishably stronger than the El Niño distribution overall. The absence of easterly and southeasterly VIMT anomalies in the central and western equatorial Indian Oceans, respectively, during 2002 is also evident. A significant and negative P Ϫ E anomaly corresponding to the monsoon drought spans India and the Arabian Sea. While VIMT and P Ϫ E anomalies in eastern Asia associated with an anomalous cyclonic circulation in the South China Sea are also present in 2002, the anomalies are not characteristic of warm-weak years in general and are displaced southward relative to similar anomalies during 1987. Nonetheless, in many respects, the 2002 season exhibits the salient anomaly features in the Indo-Asian sector during warm-weak years of recent decades.
Conclusions
The exceptional weakness of the 2002 Indian summer monsoon has been investigated using the NCEP-NCAR reanalysis and satellite retrievals of rainfall, and surface wind, and temperature fields. Comparison of zonal wind fields from satellite and the reanalysis reveals generally good agreement in the northern Indian Ocean, both across the annual and interannual time scales. Particularly weak agreement is, however, found in the southern Indian Ocean, a region that serves as the primary source of monsoonal moisture divergence. A major caveat is thus raised regarding the use of NCEP-NCAR surface wind and VIMT fields in assessing the interhemispheric coherence of the monsoon system and assessments of the interactions between Southern Hemisphere subtropical Indian Ocean variability and the monsoon, both in prior and the present studies, need therefore to be viewed cautiously.
The temporal variability of rainfall in the 2002 monsoon season reveals the key roles played by break periods during July and September in the seasonal rainfall deficit. The break periods coincide approximately with their climatological mean dates (Wang and Xu 1997) but are substantially more intense and prolonged than normal. Both dynamic and hydrological anomalies are found to be associated with shifts in the strength of the Walker and Hadley circulations and its associated humidity fields during the summer break periods. During July, the surface wind fields suggests the importance of VIMT in the Arabian Sea in establishing moisture divergence and drought conditions in India, while in September, VIMT variability in both the Arabian Sea and Bay of Bengal are found to contribute. The classical lower-tropospheric El Niño teleconnection manifested in westerly wind anomalies to the east of India is thus found to bear little relevance to the July drought and modest, though incomplete, correspondence to September conditions. The spatiotemporal evolution of the 2002 season reveals poleward propagation characteristics that are endemic to intraseasonal monsoon variability. While fluctuations in SST, CAPE, and PW are found to accompany those in rainfall, evidence for the established instigators of break periods is poor as negative SST anomalies in the Bay of Bengal SST in 2002 do not generally precede the season's major breaks periods and CAPE anomalies suggest a response to, rather than instigation of, the season's major break episodes.
While atmospheric hydrology is recognized as being only one of the important linkages between the monsoon and ENSO, its anomalies during the 2002 season show few differences and many key similarities with weak monsoon-El Niño seasons over the past 50 yr. The similarities include easterly VIMT anomalies in the Arabian Sea and westerly VIMT anomalies in the western Pacific Ocean that are distinguishable from the El Niño distribution overall. Skepticism is thus raised regarding lasting shifts in the monsoon-El Niño interaction associated with climate change, as the 2002 season reflects, in many key respects, variability that has accompanied a strong monsoon-El Niño coupling since 1950.
The importance of VIMT associated with the Pacific trade winds, the hydrologic budget of the Indonesian sector, and their interaction with the Indian monsoon and Arabian Sea VIMT is suggested. Results of the present study therefore suggest the need to better un-derstand the processes that link eastern Pacific Ocean dynamic and thermal anomalies associated with El Niño to the hydrologic, dynamic, and thermal variability of the Arabian Sea. In addition, the continued and improved monitoring of atmospheric hydrologic fields in the southern Indian Ocean will further the understanding of interhemispheric coherence in the monsoon system, which may, at present, be obscured by the shortcomings in reanalysis fields.
